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Homeostatic epidermal tissue renewal is the result of the combined activity of rare but potent stem cells, and a
large pool of short-lived progenitor cells termed transit amplifying cells. Although the existence of epidermal
stem cells has been known for some decades, their specific role in the processes of wound repair, skin diseases,
and carcinogenesis remains unelucidated. Nevertheless, significant advances have been made in the
identification and functional characterization of both murine and human epidermal stem cells, which place
investigators in an exciting position to gain further insights into the fundamental processes of tissue renewal
and repair in the epidermis.
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Epidermal stem cells: a functional
definition
A major caveat in the interpretation of
experimental studies seeking to identify
and characterize stem cells of the skin
is that there are as yet no universally
agreed upon criteria for defining this
population in the field, resulting in
some debate and controversy. It is
therefore essential that any discussion
of the literature on epidermal stem cells
be framed in the context of a specific
definition that serves as a guiding
principle and provides a reference
point for data interpretation. Perhaps
the best definition of a stem cell was
provided by Lajtha (1979), the most
salient feature being that it is ‘‘capable
of renewing tissue for the lifetime of an
organism’’, or put more explicitly ‘‘A
stem cell is defined as that cell in a
tissue which, under normal circum-
stances, maintains its own population,
undiminished in function and size, and
furnishes daughters to provide new
functional cells of that tissue’’ (Scho-
field, 1983). The implicit properties of
stem cells then are essentially lifelong
self and tissue maintenance or renewal;
therefore, sustained epidermal tissue
regeneration in an appropriate trans-
plant model is likely to be the best
functional definition of an epidermal
stem cell.
Interestingly, properties such as mul-
tipotency (i.e. ability to differentiate
into multiple lineages) and plasticity
(i.e. ability to give rise to lineages other
than the tissue of origin) have been
designated as stem cell characteristics.
An alternative viewpoint is that epider-
mal stem cells are best defined by the
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Editor’s Note
In 1665 Robert Hooke first described and named the ‘cell’
in Micrographia: Physiological descriptions of minute
bodies made by magnifying glasses. Since that discovery
scientists have searched for the secrets of how cells grow
and organize themselves into complete organisms. In 1981
Gail Martin isolated cells from a mouse embryro and is
credited with naming them ‘stem cells’, since it seemed
that nearly all cell types could grow from them (Proc Natl
Acad Sci USA, 78: 7634–7638, 1981). Adult stem cells
have been further defined as undifferentiated cells present
in a tissue or organ that can give rise to all cell types within
that organ. In this month’s Perspectives the subject of
epidermal stem cells is explored. Pritinder Kaur discusses
the identification of these cells and the challenges and
opportunities that they present for understanding skin
structure and function. In a companion Perspective George
Cotsarelis discusses the role of the hair follicle in epidermal
stem cell biology. These articles provide an updated
Perspective on the outstanding science that is driving this
field and the exciting potential for understanding normal
epithelial biology, skin disease and ultimately developing
new treatments.
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functions that they are normally ex-
pected to perform in the context of their
tissue of origin in vivo. Thus like
hemopoietic stem cells, candidate hair
follicle stem cells can be expected to
exhibit multipotency, as they routinely
give rise to all the different cell lineages
that make up this organ; in contrast,
interfollicular stem cells should only be
required to contribute to epidermal
tissue. Thus, long-term tissue regenera-
tion reflecting lifetime contribution to
epidermal maintenance is likely to be a
more critical determinant of ‘‘stem-
ness’’ than multipotency. Plasticity is
a difficult parameter to demonstrate
experimentally unless it can be unequi-
vocally demonstrated as arising from a
single cell; further, its relevance as a
means of defining stem cells remains
questionable. The fact that human
foreskin (i.e. interfollicular) epidermal
cells and rat foot pad epidermis can
give rise to cutaneous appendages
under the influence of dermal papilla
cells (Reynolds and Jahoda, 1992;
Ferraris et al., 1997) does not provide
irrefutable proof of ‘‘stem-ness’’, rather
it demonstrates that the dermal envir-
onment of epidermal cells is a critical
determinant of lineage specification or
their differentiation pathway.
Approaches to identifying epidermal
stem cells
The extensive proliferative and tissue
regenerative ability of epidermal cells
of the skin has been unequivocally
demonstrated through both experimen-
tal and clinical studies, suggesting a
central role for keratinocyte stem and
progenitor cells in tissue maintenance,
repair, and renewal. Experimental re-
search in animals particularly murine
skin suggests that keratinocyte stem
cells (KSCs) and their progeny are
essential for tissue replacement in vivo,
although the behavior of these popula-
tions (of either murine or human origin)
in a variety of in vitro assays remains
unclear. This is understandable, given
the paucity of epidermal cell surface
markers and the lack of an appropriate
whole animal tissue reconstitution
model that permits the measurement
of stem cell versus progenitor activity. It
has therefore not been possible to use
the reiterative approach employed so
successfully in the identification of
hemopoietic stem cells, whereby suc-
cessive purification steps using an array
of cell surface markers could be refined
through a combination of flow cyto-
metric fractionation and the impressive
functional read-out of multilineage
bone marrow reconstitution in mice
following ablative irradiation. Despite
these limitations, the identification of
putative epidermal stem cells in both
murine and human epidermis has
progressed with leaps and bounds in
the last decade. This has been greatly
facilitated by the beautiful physical
architecture of the interfollicular epi-
dermis into spatially and functionally
distinct compartments – that is, the
location of proliferating cells including
the stem and progenitor populations
within the innermost or basal layer
adjacent to the basement membrane,
and the differentiating cells in the
suprabasal layers. Each successive su-
prabasal layer exhibits morphologic
and biochemical changes culminating
in terminal differentiation and the
formation of mature keratinocytes that
function to provide a barrier from the
environment, while simultaneously
preventing water loss. The clear de-
marcation of the proliferating versus
differentiating compartments of the
epidermis is most evident in thin
murine skin (dorsal and ear epidermis)
where much experimental evidence
was gathered in support of the presence
of long-lived epidermal stem cells, in
the 1970s and 1980s. Notably, murine
interfollicular KSCs were the first stem
cell population to be visualized in situ
as so-called label-retaining cells
(LRCs), owing to their ability to hang
on to radioactive thymidine incorpo-
rated into their DNA for prolonged peri-
ods of time after labeling (Bickenbach,
1981; Mackenzie and Bickenbach,
1985). Indeed, the approaches utilized
by pioneering stem cell biologists such
as Mackenzie, Bickenbach, Potten, and
Morris (Potten, 1974; Mackenzie et al.,
1981; Morris et al., 1985) have pro-
vided a solid foundation for recent
studies seeking to identify KSCs of the
interfollicular epidermis. The LRC ap-
proach was also used in the original
identification of hair follicle stem cells
in the bulge region by Cotsarelis et al.
(1990) and has been exploited more
recently to generate elegant transgenic
models of fluorescently tagged hair
follicle bulge cells, permitting the iso-
lation of viable stem cells for subse-
quent analysis in tissue reconstitution
and molecular profiling studies (Morris
et al., 2004; Tumbar et al., 2004; see
companion article by Cotsarelis for full
review). Perhaps the most important
reasons for greater advances in the
biology of hair follicle stem cells
compared to interfollicular stem cells
are that the former are located in an
easily identifiable and physically dis-
tinct anatomical site, that is, the bulge
region, that they exist as clusters of
slow-cycling cells, and that their multi-
potency is assayable in transplant
models.
In contrast, interfollicular epidermal
stem cells have been studied through
more indirect means building on data
gleaned from cell turnover studies in
vivo via surrogate assays that are
thought to measure stem cell activity.
A number of experimental approaches
have been used including assaying
epidermal cells in vitro following frac-
tionation with epidermal cell surface
markers (Jones and Watt, 1993; Jones
et al., 1995; Li et al., 1998; Kaur and Li,
2000; Tani et al., 2000; Fortunel et al.,
2003; Legg et al., 2003; Wan et al.,
2003) or with unfractionated keratino-
cytes (Barrandon and Green, 1987;
Kolodka et al., 1998; Schneider et al.,
2003); lineage analysis and tissue
regeneration studies following gene
marking in vitro or in vivo (Mackenzie,
1997; Ghazizadeh and Taichman,
2001; Schneider et al., 2003); and
visualization of LRCs in sections or
whole-mount epidermal preparations
(Bickenbach, 1981; Braun et al.,
2003). These studies have been essen-
tial to furthering our current under-
standing of interfollicular stem cells to
a significant level in recent years as
described below. This article is by no
means an exhaustive review, but rather
aims to provide a personal perspective
on experimental advances and con-
cepts that currently influence the think-
ing of epidermal stem cell biologists. It
is important to recognize that the
identification of interfollicular stem
cells is only as good as the available
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techniques. Virtually all experimenta-
tion by its very nature – particularly
removing the cells from the tissue for
subsequent analysis in assays – requires
perturbing the system. It is therefore
important that we interpret each ex-
perimental approach in terms of
whether it is likely to model homeo-
static stem or progenitor cell behavior
or a response to wounding. It is
probably reasonable to assume that
experiments that do not involve da-
mage to the epidermis are likely to
represent homeostasis, whereas ex vivo
manipulations undoubtedly represent
tissue repair. However, if sufficient
time is permitted for the wound repair
phase to be completed, then it is
feasible that the processes being stu-
died beyond that point may recapitu-
late homeostatic tissue renewal,
particularly if cells are placed in a
suitable in vivo environment.
Identification and location of interfolli-
cular epidermal stem cells in situ
In thin skin (i.e. murine interfollicular
epidermis), DNA labeling and cell
turnover studies unequivocally demon-
strated that long-lived stem cells were
interspersed throughout the basal layer,
each responsible for repopulating small
units of epithelial tissue comprised of
about 10 basal cells and their supra-
basal maturing progeny, termed the
epidermal proliferative unit (EPU)
(Figure 1). The ‘‘EPU’’, a phrase coined
by Potten (1974), described the epider-
mis as being comprised of multiple
microscopic hexagonally shaped re-
gions. Slow-cycling stem cells could
be visualized as single LRCs, named for
their ability to retain 3H-Tdr incorpo-
rated into their DNA (just after birth)
into adulthood, in the center of the
EPUs. In contrast to these relatively
quiescent stem cells, rapidly proliferat-
ing transit amplifying (TA) cells were
located in the peripheral region of the
EPU (Mackenzie, 1970), visualized
readily after a single injection of
3H-Tdr termed pulse-labeled cells/PLC
(Bickenbach, 1981; Lavker and Sun,
1982). The existence of single stem
cells dotted throughout the interfollicu-
lar epidermis has been elegantly con-
firmed recently by the localization of
BrdU label in whole mounts of murine
epidermis, as shown in Figure 2 (Braun
et al., 2003). Even in hairy dorsal
murine skin, functional units of self-
renewing epithelium, most likely origi-
nating from single stem cells (Figure 3),
can be discerned in vivo using gene
marking in situ (Ghazizadeh and Taich-
man, 2001). An important question that
remains unanswered at present is how
a stem cell niche can be generated and
maintained beneath a single cell in the
epidermis so that stem-ness can be
maintained. Elegant examples of the
existence of such niches are found in
Drosophila tissues where asymmetric
divisions occur consistently and regu-
late fate specification (Roegiers and
Jan, 2004).
The organization of the proliferative
and differentiating compartments at
specific anatomical sites such as pal-
mar and plantar skin appears to be
different to the EPU structure described
above. Based on cell morphology and
the location of pulse-labeled cells in
monkey palm epidermis, Lavker and
Sun (1982) deduced that stem cells are
found in the deep rete ridges, leading
them to propose that this site may
provide protection for the long-lived
stem cell population from harmful
environmental mutagens. Another me-
chanism for protecting the stem cell
genome from undesirable mutations
was described by Cairns (1975) where-
by preferential segregation of the par-
ental or template DNA strand within
stem cells was proposed. A recent
study by Potten et al. (2002) has
provided elegant proof for the exis-
tence of such a selective mechanism
for DNA segregation in intestinal
epithelial stem cells, although similar
work is required in skin.
Figure 1. Morphological organization of murine
skin into discrete self-renewing proliferative
packets. The interfollicular epidermis of murine
skin is histologically organized into columns
termed the EPUs, consisting of about 10 basal
cells comprised of a single stem cell (yellow), its
immediate progeny (TA cells) (blue), and early-
differentiating (ED) cell/s (purple), and more
differentiated keratinocytes lying directly above
them (green) and mature enucleated squames in
an ordered stack above the basal layer. EPUs also
represent functionally independent packets of
self-renewing interfollicular epidermis ultimately
dependent on a single stem cell for lifelong cell
production to compensate for the continual loss of
differentiated squames from the skin’s surface.
This diagrammatic representation of the EPU
illustrates both sectional and surface views of the
EPU. Adapted from Figure 3 of the article by
Professor Christopher Potten (Epistem, Manche-
ster) published in J Investig Dermatol Symp Proc
9:183–195, 2004. Original magnification, 40.
Figure 2. Murine interfollicular stem cells
visualized as BrDu-positive LRCs. Whole-mount
preparation of murine interfollicular epidermis
interspersed with single long-lived stem cells
visualized as BrdU LRCs (green). TA cells of the
basal layer are visualized as Ki67-positive (red)
cells in this image. Kindly supplied by Kristin
Braun and Dr Fiona Watt, CR-UK.
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The location of stem cells in human
skin is equivocal, given our inability to
mark slow-cycling cells in situ, and the
lack of assays that permit us to ascer-
tain whether specific markers uniquely
identify KSCs. In neonatal human fore-
skin and adult breast skin tissue, the
location of the stem cells has been
inferred based on the differential ex-
pression of cell surface markers thought
to identify epidermal stem cells (Jensen
et al., 1999; Legg et al., 2003). Speci-
fically, it has been proposed that
clusters of epidermal cells expressing
high levels of b1 integrin (b1
bri ) also
identifiable as rapidly adhering kerati-
nocytes, found in the shallow rete
ridges, represent stem cells owing to
the absence of K10 staining in this
subpopulation and lack of BrdU incor-
poration ex vivo, indicating their slow-
cycling status (Jensen et al., 1999). b1
bri
human foreskin keratinocytes isolated
by flow cytometry also demonstrate
greater short-term colony-forming effi-
ciency when plated in culture (Jones
and Watt, 1993; Jones et al., 1995),
although this may not be a rigorous
assay for stem cell activity given the
vast proliferative capacity of most basal
keratinocytes in neonatal foreskin (Li
et al., 2004; see Kaur et al., 2004 for
review).
Interestingly, a recent study utilizing
adult human palm, sole, and breast
skin tissue demonstrated that rapidly
adhering keratinocytes (b1
bri cells) ex-
pressing lower levels of desmosomal
proteins are enriched for cells with
greater clonogenic (i.e. colony forming)
capacity and proliferative output (Wan
et al., 2003). Thus, Dsg-3dim cells
represent the proliferative compartment
of adult epidermis at various anatomi-
cal sites. Notably, these b1
bri cells with
low to negative levels of desmosomal
proteins (desmoplakin and desmogle-
ins) were localized to basal cells found
at the tips of the deep rete ridges in
contrast to earlier data (Jensen et al.,
1999; Legg et al., 2003). Recent work
from our own laboratory utilizing cell
surface markers previously shown by us
to enrich for candidate KSCs of neo-
natal human foreskin and adult murine
skin (i.e. high levels of a6 integrin and
low levels of CD71 described in Li
et al., 1998; Tani et al., 2000), and the
intracellular marker keratin 15 (K15)
demonstrate that the proliferative com-
partment of adult breast skin epidermis
including stem cells resides in the tips
of rete ridges (Webb et al., 2004), as
proposed by Wan et al. (2003) and
originally by Lavker and Sun (1982).
Specifically, we showed that K15 pro-
tein is a marker of the proliferative
compartment within the basal layer,
that is, expressed in K10-negative cells,
and is expressed exclusively in keratino-
cytes at the tips of the deep rete ridges
of adult human skin (Figure 4). The
K15-positive keratinocytes were found
to express high levels of a6 integrin,
and could therefore be isolated by
FACS for further analysis. Notably, the
a6
bri/K15þ fraction of adult breast skin
was enriched for clonogenic keratino-
cytes, supporting the notion that stem
and TA cells are located in the deep
rete ridges of the skin where they exist
in a relatively protected environment. It
is currently difficult to reconcile the
data on the location of KSCs in
neonatal versus adult human skin,
although it may be attributed to varia-
tions with anatomical site.
An irrefutable location for potent
skin stem cells is the bulge region of the
hair follicle. The ability of hair follicle-
derived cells to repair damaged inter-
follicular epidermal tissue has led some
investigators to conclude that interfolli-
cular stem cells are derived from
follicular cells routinely. However, it
is noteworthy that the experimental
data cited in favor of this model
invariably involve perturbing or
wounding the epithelium, and there-
fore most likely reflect tissue repair
rather than homeostatic renewal. The
recent work of Kolodka et al. (1998)
and Ghazizadeh and Taichman (2001)
combined with the earlier studies
of Mackenzie, Potten, Bickenbach,
and Morris provides strong evidence
for the existence of long-term self- and
tissue-renewing interfollicular stem
cells in both human and murine skin.
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Figure 4. K15-positive stem and transit amplifying cells are located in the deep rete ridges. (a)
Immunostaining demonstrating preferential expression of K15 in the tips (FITC-green) of deep rete ridges
in adult skin. Original magnification, 100. (b) Dual flow cytometric analysis of K15 (x-axis; FL2 PE)
versus K10 staining (y-axis; FL1 FITC) of primary adult breast skin keratinocytes illustrating that
K15-positive cells are undifferentiated cells, that is, K10 negative. Data are of Amy Li.
Figure 3. Visualization of EPUs by gene marking.
Tissue reconstitution experiments illustrating
regenerating units of interfollicular epidermis
predicted by the EPU model of Potten. This tissue
section was taken from a mouse 37 weeks after its
skin was dermabraded and injected with
recombinant retrovirus containing the bacterial
lacZ (b-galactosidase) gene and subjected to X-gal
staining to reveal clusters of blue cells that express
this transgene. These groups of long-lived cells
arise from the incorporation of b-galactosidase
into cells capable of sustained tissue renewal, that
is, stem cells, capable of generating differentiated
progeny over at least half the lifetime of an animal
and provide proof of the clonal units of
regeneration postulated by the EPU model.
Originally published as Figure 5b in EMBO J
(2001) 20, 1215–1222. Images reproduced by
kind permission of Dr Soosan Ghazizadeh,
Columbia University, New York and The Nature
Publishing Group. Original magnification,  40.
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Unresolved issues to consider associated
with the identification and/or isolation
of viable interfollicular epidermal stem
cells
Irrespective of where the interfollicular
stem cells are located, we need to
establish ways of identifying them
prospectively (i.e. devise ways to iden-
tify cell surface markers that assist with
stem cell purification using appropriate
assays as exemplified by the study of
hemopoietic stem cells), in order to
fully understand their tissue regenera-
tive capabilities, without which we are
left with assumptions about what stem
cells should do. From a clinical per-
spective, although it is currently possi-
ble to treat patients with skin deficits by
expansion of autologous keratinocytes
(harvested from undamaged skin) to
achieve sustained therapy without stem
cell purification, the latter may facil-
itate more rapid ex vivo expansion of
keratinocytes for transplant and shorten
the duration of hospitalization.
It is reasonable to assume that
epidermal stem cells are maintained
during the culture phase; if these are
the only cells capable of long-term
epithelial tissue reconstitution how-
ever, this underlying assumption re-
mains to be tested rigorously. Thus,
while successful clinical outcome is the
ultimate functional measure of ‘‘stem
cell activity’’, we know very little about
which particular epidermal populations
survive and are recruited to proliferate
under specific culture conditions em-
ployed to expand patient cells and are
indeed capable of contributing to long-
term tissue regeneration. We cannot
actually answer the question ‘‘How
long does an epidermal stem cell or
TA cell survive in culture?’’ Even in
vivo it remains possible that the KSC
and TA compartments are made up of
heterogeneous subsets of proliferative
cells with variable lifespans. Thus,
while some murine TA cells have a
lifespan of 2–3 weeks, we are not able
to determine at this stage whether all of
this population has the same lifespan.
For human epidermis, we are nowhere
near being able to answer this question,
making it imperative that we do not
make too many assumptions about the
precise cell regenerative capabilities of
KSCs or TAs, and more importantly,
how these are affected when the
populations are placed in a culture
environment away from the normal
controls imposed on them by neighbor-
ing epidermal cells, adjacent dermal
elements, and the extracellular matrix-
rich basement membrane. It is there-
fore critical that we determine the
capacity of both stem and progenitor
compartments for tissue regeneration
empirically, to guide the development
of cellular therapies for tissue repair or
the correction of genetic deficiencies.
Another important question to consider
in this context is whether the great
predilection for epithelial tissues to
develop cancers can be attributed to
the vast proliferative reserve harbored
throughout the proliferative compart-
ment, that is, not just in the stem cell
population, but also in their progeny,
as demonstrated by many investigators.
An important issue in determining
the cell regenerative capacity of puta-
tive epidermal stem and progenitor
cells is the suitability of current culture
systems for assaying ‘‘stem cell activ-
ity’’. An important factor often over-
looked in KSC biology is that only a
minute proportion of primary epider-
mal cells isolated from the skin actually
adhere to tissue culture plastic and
subsequently form a measurable col-
ony. For example, the colony-forming
efficiency of primary human neonatal
foreskin keratinocytes, even in feeder
layer coculture systems, is of the order
of 0.01%! y and even lower from
adult skin samples. This begs the
question ‘‘Which epidermal subpopu-
lation are we able to grow in vitro?’’ It
is possible that available keratinocyte
culture systems select for either stem
cells or TA cells, or a subset of both.
Perhaps only those stem and TA cells
that are actively cycling at the time of
isolation are receptive to the prolifera-
tion stimuli supplied by growth factors
and serum in the culture medium.
The limitations of current culture
techniques then have profound impli-
cations for both basic stem cell re-
search and clinical applications.
Clearly, a lot remains to be done to
improve culture conditions for ex vivo
expansion of patient keratinocytes so
that more of the precious harvested
cells are employed for therapy. Basic
researchers seeking to characterize
epidermal stem cells and their progeny
ex vivo should take into account the
fact that most culture conditions select
for the survival and proliferation of a
very minor proportion of epidermal
cells, that is, what goes into a culture
dish is not necessarily equivalent to
what we read out, leaving a number of
unanswered questions:
K What is the lifespan of KSCs or TA
cells in vitro or indeed in vivo? Is
long-term tissue reconstitution truly
an exclusive property of epidermal
stem cells?
K Does the proliferative compartment
consist of two distinct compart-
ments, that is, KSC and TA cells,
or are these compartments hetero-
geneous and comprised of subsets
of epidermal cells with greater or
lesser tissue regenerative capacity?
K Do different models of epidermal
propagation or tissue regeneration
(e.g. tissue culture vs organotypic
cultures vs in vivo transplants)
preferentially select stem and/or
progenitor cells?
K Can we be sure that all epidermal
proliferative subsets are equally
recruited to proliferate in vitro?
Are the growth factor requirements
of KSCs the same as TA cells? Do
KSCs and TA cells express different
growth factor receptors making
them responsive to different growth
factors?
It is likely that the interfollicular
epidermal cells are organized into
discrete functional subsets that have
their own unique molecular regulatory
mechanisms controlling ordered prolif-
eration and maturation, such as that
demonstrated for the hemopoietic sys-
tem – the latter tissue displays a
complex interplay of different cyto-
kines, growth factors/receptors, and
extracellular matrix proteins that reg-
ulate hemopoiesis within the stem and
progenitor compartments. This model
for stem cell biology suggests it is likely
that a particular culture medium or
system cannot recruit all proliferative
cells to the same extent. To begin to
address these issues, it is vital to devise
means for prospective isolation of
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viable keratinocyte stem and progeni-
tor cells, an area of increasingly in-
tensive investigation in the last decade.
Experimental identification and isolation
of epidermal stem cells ex vivo
Although murine interfollicular epider-
mal stem cells can be identified in situ
via cell kinetic studies (as described
above), relatively little progress has
been made in identifying cell surface
markers for these cells. The identifica-
tion of human KSCs particularly has
been severely hampered given that for
ethical reasons, one cannot generate
LRCs in humans. Importantly, the
development of culture techniques for
keratinocytes has led to the establish-
ment of a variety of surrogate in vitro
assays, that is, clonogenicity, long-term
proliferative output, and short-term
tissue reconstitution, believed to reflect
the extensive capacity for self-renewal
and superior proliferative potential ex-
pected of KSCs in vivo (Barrandon and
Green, 1987; Jones and Watt, 1993;
Jones et al., 1995; Mackenzie, 1997;
Kolodka et al., 1998; Li et al., 1998,
2004; Kaur and Li, 2000; Tani et al.,
2000; Braun et al., 2003; Schneider
et al., 2003; Pouliot et al., 2005;
reviewed in Kaur et al., 2004). Whether
in fact these assays do measure stem
cell activity remains to be determined
and no doubt will require a similar
effort in experimental investigation as
expended in the study of hemopoietic
stem cells. An important point to bear
in mind is whether current assays are
truly capable of distinguishing epider-
mal stem and progenitor cells.
Initial experiments to distinguish
heterogeneity in the clonogenic capa-
city of human keratinocytes was per-
formed by Barrandon and Green
(1987), who observed three distinct
types of clonal expansion in culture:
(i) holoclones, which consistently
founded large keratinocyte colonies
with the greatest cell regenerative
capacity in long-term culture, and
therefore thought to arise from stem
cells; (ii) paraclones, which gave rise to
aborted colonies and underwent differ-
entiation; and (iii) meroclones with an
intermediate proliferative capacity be-
tween holoclones and paraclones.
While it is reasonable to suppose that
holoclones might arise from stem cells
given their greatest cell regeneration
ability in vitro, there is room for the
possibility that holoclones arise from
both stem and TA cells, or activated
stem and/or TA cells. Because this
classification is based on retrospective
colony-forming ability in vitro, it is
difficult to correlate any other proper-
ties expected of stem cells (such as
initial quiescence, cell size and com-
plexity, incidence, cell surface marker
profile, etc.), as these parameters will
have altered by the time the clonal
types have emerged. However, in
murine skin, Morris and Potten (1994)
have demonstrated that epidermal
LRCs tend to give rise to significantly
greater numbers of colonies than non-
LRC (or pulse-labeled/TA cells). One
difficulty in comparing human and
murine clonogenicity is that we may
be comparing apples and oranges (hu-
man neonatal foreskin vs adult murine
hairy dorsal skin), and using signifi-
cantly different culture conditions in
making the comparison. It is well
known that murine keratinocytes are
more difficult to propagate in culture
than human keratinocytes and that
serial propagation of murine keratino-
cytes is not achievable in order to
determine long-term or sustained pro-
liferative output. Nevertheless, the abi-
lity of murine keratinocytes to generate
colonies is not restricted to the putative
stem cell population, that is, LRCs. This
has also been observed in follicular
epidermis, where although enrichment
for clonogenic cells is evident in the
bulge (Trempus et al., 2003; Tumbar
et al., 2004; Morris et al., 2004),
colonies can also be derived from cells
outside this region. Although Blanpain
et al. (2004) have reported that serial
holoclone formation could only be
obtained from murine bulge keratino-
cytes and not their epidermal counter-
parts, the populations assayed are not
strictly comparable. Whereas the bulge
KSCs were enriched by selection for
CD34 and a6 integrin, the epidermal
stem cells were diluted by the presence
of hair follicle progenitor cells and their
progeny, as well as all basal interfolli-
cular cells, given that this population
was selected on the basis of CD34
negativity. Thus, the incidence of ho-
loclone-forming cells from the epider-
mis (i.e. interfollicular stem cells)
would have been negligible, biasing
the comparison against these cells.
Given the ease of propagating hu-
man keratinocytes in vitro, a greater
number of studies have been con-
ducted with neonatal human foreskin,
and more recently adult skin, using
fractionation with putative stem cell
markers. Initial studies suggested that
clonogenic human neonatal keratino-
cytes with the ability to reform epider-
mal tissue in vivo, albeit in short-term
assays, expressed high levels of b1
integrin. These b1
bri keratinocytes could
also be selected as rapidly adhering
cells when plated on dishes coated
with collagen (Jones and Watt, 1993;
Jones et al., 1995). Subsequent work
from a number of laboratories has
demonstrated that LRCs represent a
minor subset of the b1
bri rapidly adher-
ing population in murine epidermis
(Bickenbach and Chism, 1998; Tani
et al., 2000; Albert et al., 2001).
Similarly in human epidermis, it has
become clear that although almost all
basal keratinocytes express high levels
of a6 integrin, candidate KSCs form a
small subset of this population, re-
solved by their relatively low expres-
sion of a second cell surface marker,
that is, CD71 or transferrin receptor (Li
et al., 1998; Kaur and Li, 2000).
Notably, basal keratinocytes with the
cell surface phenotype a6
briCD71dim
exhibit many characteristics predicted
of epidermal stem cells such as quies-
cence, small blast-like morphology,
and the greatest long-term cell regen-
erative output in vitro. Interestingly, a
recent study demonstrated that rapidly
adhering (integrin bright) cells from
neonatal human epidermis (termed
Adhþ þ þ cells) could be further frac-
tionated into cells with greater prolif-
erative output in vitro on the basis of
low levels of EGF receptor expression
(Fortunel et al., 2003). Notably, these work-
ers compared the tissue regenerative
capacity of Adhþ þ þEGFRhi versus
Adhþ þ þEGFRlow cells in organo-
typic cultures after subjecting each
fraction to several passages in culture
– cells capable of tissue renewal were
found in the EGFRlow population, sug-
gesting enrichment for KSCs. Whether
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the Adhþ þ þEGFRlow cells are the
same as a6
briCD71dim remains to be
determined.
A comparative analysis of the tissue
regenerative capacity of neonatal hu-
man foreskin-derived epidermal stem
cells and their progeny has been made
possible by the ability to subset basal
keratinocytes into three phenotypic and
functionally discrete subsets on the
basis of cell surface expression of a6
and CD71 (Li et al., 1998, 2004; Tani
et al., 2000). It has been demonstrated
that both human and murine epidermal
keratinocytes expressing high levels of
both a6 integrin and CD71 (i.e.
a6
briCD71bri cells) exhibit properties
consistent with them being the TA
compartment. In mice, this fraction is
enriched for pulse-labeled cells and
contains the majority of actively cy-
cling cells in both human and murine
epidermis (Li et al., 1998; Tani et al.,
2000). Further, a6
dim cells can also be
resolved in primary epidermal cell
preparations of both species; this po-
pulation has been characterized in
greater detail in human neonatal fore-
skin and adult breast skin (Li et al.,
1998; Kaur and Li, 2000; Webb et al.,
2004), and consistently expresses K10
while exhibiting relatively poor short-
and long-term proliferative output. This
fraction is therefore most likely to re-
present ED keratinocytes, and probably
consists of both basal and suprabasal
keratinocytes.
Notably, experiments designed to
test the relative tissue regenerative
capacity of the a6
briCD71dim (candidate
KSC), a6
briCD71bri (candidate TA), and
a6
dim (ED) populations suggest that
epidermal reconstitution is determined
by (i) the intrinsic capabilities of the
epidermal population being tested,
which predictably is greatest in the
KSC fraction, intermediate in the TA,
and least in the ED fraction; and (ii) ex-
trinsic or microenvironmental regulators
such as the extracellular matrix protein
laminin-10/11 and mesenchymal cells
derived from the dermis (Li et al.,
2004), which were capable of restoring
tissue regeneration even in ED kerati-
nocytes. This study also showed that
transplantation of the a6
briCD71dim,
a6
briCD71bri, and a6
dim populations into
an animal model elicited equivalent
long-term (6–10 weeks) tissue reconsti-
tution, revealing greater tissue renewal
capacity than expected from the more
committed progeny of the KSCs. It is
worth reiterating the fact that the model
systems employed in these studies may
not recruit all of the cells from a
particular population equally well and
that the results may be biased by
preferential selection for KSCs, TAs, or
whichever population performs well
under the experimental conditions
used. Nevertheless, cells of each phe-
notypic fraction of basal keratinocytes
exhibit considerable capacity for epi-
dermal tissue renewal. The next step
may be to perform competitive tissue
reconstitution studies pitching putative
stem cells against TA cells in direct
competition using tissue reconstitution
assays reported recently (Schneider
et al., 2003; Pouliot et al., 2005).
Another approach that can be envi-
saged is to test the potency of putative
stem cells by subjecting small numbers
of these cells for their ability to reform a
functional epidermis in the shortest
time. Further experimentation is clearly
required to define experimental assay
systems that truly distinguish epidermal
stem and progenitor cells.
Stem cell activity as a function of
intrinsic versus extrinsic (microenviron-
mental) regulators
It is becoming increasingly evident that
the extensive self-renewal capacity of
the epidermis can be attributed not
only to intrinsic regulators expressed
within KSC and their progeny, but also
to microenvironmental or extrinsic
factors produced by the cells found in
the neighboring dermis. Notably, epi-
dermal and dermal gene expression is
regulated by molecular crosstalk be-
tween the two compartments, and one
of the most interesting questions that
merits experimental investigation is
whether stem cells specify their own
fate by recruiting particular responses
from their environment or are passive
players dependent on the ‘‘stem cell
niche’’ for directions. Impressive ad-
vances have recently been made in the
identification of critical molecular reg-
ulators of epidermal renewal and
wound repair, through the use of
genetically modified strains of mice,
although the complex interplay of
specific proliferative epidermal subsets
with each other, and with adjacent
mesenchymal cells of the dermis is
difficult to recapitulate. Factors that
affect epidermal tissue renewal or
repair include secreted growth factors
and their receptors; transcriptional reg-
ulators of epidermal and dermal inter-
actions (e.g. keratinocyte growth factor,
IL-1, GM-CSF, c-jun, and jun-b); extra-
cellular matrix molecules and their
receptors (e.g. laminins and integrins);
molecular regulators of signaling path-
ways, for example, Shh, wnt/b-catenin,
and NF-kb. Other molecular regulators
that could be viewed as ‘‘intrinsic’’
factors in epidermal tissue renewal
with a demonstrated effect on the
epidermal proliferative compartment
include c-myc, p63, and most recently
Rac-1. A brief overview of the role of
molecular regulators of epidermal stem
cell maintenance and proliferation re-
levant to the interfollicular epidermis is
presented below – for a more detailed
treatise, the reader is referred to an
excellent and comprehensive review
by Dai and Segre (2004).
Profound effects on epidermal tissue
renewal are observed when some of
the genes described above are over-
expressed or abrogated in mice. For
instance, the absence of c-jun and jun-
b leads to disruption of the paracrine
regulation of epidermal regeneration
mediated by the dermally derived
growth factor fibroblast growth factor-
7/keratinocyte growth factor (Szabow-
ski et al., 2000). Another transcriptional
factor with a pivotal role in regulating
epidermal tissue renewal is p63 as
illustrated by the impressive loss of
epidermal tissue in p63-deficient mice
(Mills et al., 1999; Yang et al., 1999),
although particular isoforms of this
protein are involved in specifying
epidermal stratification (Koster et al.,
2004). Interestingly, although overex-
pression of Shh in the interfollicular epi-
dermis was initially shown to promote
epidermal hyperplasia (Fan and Kha-
vari, 1999), a recent study showed that
high levels of ectopic Shh expression
cause dramatic depletion of the epi-
dermis (Adolphe et al., 2004). It seems
reasonable to assume that regulation of
the specific levels of Shh expression or
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indeed many genes is important for
steady-state tissue renewal. Further
examples of this are evident from the
work of Roop, Watt, and others, who
have shown that c-myc overexpression
promotes proliferation in the interfolli-
cular epidermis and sebaceous glands
with loss of hair follicle specification
(Waikel et al., 2001; Frye et al., 2003).
These data support the notion that c-
myc is involved in lineage specification
through the inhibition of cell migration
into a specific niche, while also having
a role in driving KSCs into the more
differentiated TA state, resulting in
epidermal depletion. The deletion of
Rac-1 has been shown to cause an
initial increase in epidermal prolifera-
tion followed by an impressive reduc-
tion in interfollicular epidermal tissue
(particularly, the proliferative basal
layer), as well as hair follicles and
sebaceous gland tissue (Benitah et al.,
2005), leading the authors to conclude
that Rac-1 is required for stem cell
maintenance and that its loss results in
their depletion.
An important caveat in the studies
described above is that owing to the
unavailability of promoters that are
exclusively active in the KSC compart-
ment, the effects on stem cells have to
be surmised and are subject to inter-
pretation. In most cases, promoters
active in both the epidermal stem and
progenitor compartments have been
utilized to drive overexpression or
generate knockout strains – thus the
effects observed could be attributed to
defects or activation of stem or TA cell
activity. Notably, although the KSC
population is undoubtedly critical to
epidermal renewal, presumably the
absence of a properly functioning TA
compartment could also profoundly
impact this process. The availability of
microarray data on the transcriptional
profile of KSC and TA compartments
(Morris et al., 2004; Tumbar et al.,
2004) should prove to be an immense
resource in identifying promoters that
are active in one or other epidermal
subset. This information combined
with the elegant models for condi-
tional gene expression and/or ablation
will prove fruitful in asking in-
sightful questions about stem cell
regulation.
Conclusions
The hunt for epidermal stem cell
markers and promoters is truly in full
swing at present and so is the develop-
ment of appropriate assays for distin-
guishing KSCs from their more
committed progeny. The discovery that
some markers may be conserved be-
tween stem cells of tissues as diverse as
the hair follicle and bone marrow, for
example, CD34, has led some scientists
to investigate the applicability of mar-
kers from non-epidermal tissues to skin.
Often, cells expressing markers defined
in other tissues are found on epidermal
subsets, yet phenotypic similarity may
or may not be correlated with func-
tional evidence for ‘‘stem-ness’’. A case
in point is the so-called ‘‘side popula-
tion’’ of Hoechst 33342dim epidermal
cells, which has been identified by
many laboratories (Terunuma et al.,
2003; Triel et al., 2004) – definitive
proof of its capabilities as a superior
stem cell population remains elusive
despite the immense amount of effort
expended. This may be a reflection
of the inadequacy of assays for these
cells, which may not recruit this
particular subset to perform in vitro or
in vivo; the low tolerance of epidermal
cells for the dye; and the extremely low
incidence of this population, making it
difficult to establish their identity and
function.
The dependence of epidermal stem
cells on microenvironmental factors
also highlights the need to identify the
cellular and biochemical players that
most likely act as inducers of stem cell
activity. The dermis represents a largely
unexplored and underinvestigated mine
of information that may hold the key to
epidermal stem cell renewal and stem
cell differentiation, and much needs to
be done to understand this tissue as well
as its exquisite communication net-
works with the overlying epidermis.
Many questions arise in this context:
K Are there specific microenviron-
mental factors that regulate the
self-renewal of epidermal stem
cells?
K Are there functionally relevant sub-
sets of dermal cells that regulate
epidermal proliferation and tissue
regeneration?
K Is the hierarchical organization of
the epidermal proliferative com-
partment dictated by local varia-
tions in the dermal cellular
composition?
K How do specific subsets of epider-
mal progenitors respond to dermal
signals?
K What is the role of specific ECM
molecules in regulating epidermal
proliferation versus differentiation?
Another critical factor in stem cell
regulation is likely to be the control
imposed by intercellular communica-
tion with neighboring basal and supra-
basal epidermal cells. In this context,
the polarity genes, for example, Dlg
and Scribbled, immediately spring to
mind as potentially key regulators of
the homeostatic epidermal renewal
process, and indeed in perturbed con-
ditions such as wounding and cancer.
An exciting time of discovery lies
ahead of us in the next few years – it
will reveal the elegant control mechan-
isms that allow rapid cell turnover to
take place, while permitting a minor
subset to remain and provide life-long
renewal. These mechanisms will also
yield strategies for the more rapid
replacement of epidermal deficits via
autologous transplants, and a greater
understanding of the process of epithe-
lial carcinogenesis.
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